ABSTRACT. Rounded mitotic cells of a mouse melanoma cell line B16-C2W were harvested by gentle pipetting at different times after x-irradiation, and their mitotic spindles were visualized by indirect immunofluorescence using antibody against tubulin. At the first mitosis after irradiation with 1,000R, 91 % of total rounded cells displayed mitotic spindles and 36 % of them showed gross abnormalities. The prominent abnormal features were multiple fluorescent spots with or without association with spindle microtubules, and partial absence of fluorescence of the microtubules at the site of the lagging chromosomes. As the irradiated cells progressed into the second or third mitosis, fractions of cells with clumped microtubules or those lacking spindles markedly increased. About 80 % reduction in the figures of anaphase and telophase, and scattered chromosomes on Giemsa staining suggested the prolonged arrest of cells at abnormal metaphase. Dead cells without dye-exclusion ability were selectively found among rounded cells after the second division rather than spread interphase cells. A good correlation was obtained between the fraction of the dead cells and the fractions of cells having spindle abnormality for 4 time-points after irradiation with 1,000R. These results suggest that the mitotic cells with extensive spindle abnormalities die at that rounded state without the completion of the mitosis.
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Most rapidly dividing cells die of the so-called "reproductive death" following irradiation with moderate doses up to 1,000R. The term "mitotic death" has also been used to emphasize the association of death with mitosis. Some early studies on irradiated tissues and cultured cells indicated that irradiation did not kill cells immediately, but that cell death was delayed until the first postirradiation mitotic peak (17, 20) . Direct evidence of the association of cell death with mitosis has been presented by detailed analysis of time-lapse cinemicrographs of irradiated cells. Cell death, as indicated by blebbing, collapse, fragmentation, or disintegration of cells, were observed mostly with cells in the rounded state (4). Multipolar and incomplete mitosis followed by cell fusion have been thought to account for a significant proportion of non-surviving clones (9, 4, 19, 10, 11 ). An important question as to the mechanism of cell death is, therefore, how the mitotic apparatus is organized in these rounded cells undergoing abnormal mitosis. Recent development of immuno-fluores cence method using specific antibody against tubulin, the subunit protein of micro-tubules, has made it possible to visualize the dynamic organization of microtubules in a variety of cells (7, 3, 21, 16, 22) . This method shows not only the elaborate cytoplasmic microtubular networks of interphase cells, but the full spectrum of spindle microtubules in mitotic cells as well.
With the onset of mitosis, cells become rounded and can be detached by gentle pipetting without damaging the cell (18). Applying this method we harvested rounded mitotic cells periodically after X-irradiation, and stained them with anti-tubulin antibody. Marked abnormal organization of mitotic spindles were first observed in this experiment, which corresponded to the abnormal distribution of chromosomes after X-irradiation. Relationship between this spindle abnormality and cell death was examined as well. 
RESULTS
Visualization of spindle microtubules in normal and irradiated mitotic cells. Fig. 1 shows the fluorescence of spindle microtubules of non-irradiated mitotic cells labeled with anti-tubulin. The sites of nuclei or chromosomes were free from fluorescence. At prophase weak fluorescence labels were diffusely distributed throughout the cell. As the cells progress into metaphase, the chromosomes become aligned on the equatorial plate, and a clearly defined round spindle was visualized. During anaphase the chromosomes moved to the poles and the mitotic spindle elongated. The interzonal fibers were clearly visible. As the cell progresses through telophase, cytokinesis took place, the spindle fibers disappeared, and the fluorescence became concentrated within the intercellular bridge between the two daughter cells. These figures are similar to those reported by other investigators (3, 21) . Fig. 2 shows the normal distribution of chromosomes of non-irradiated cells revealed by Giemsa-staining method.
Figs. 3-7 and 9 exhibit the immunofluorescent mitotic figures of B16-C2W cells 24 h after X-irradiation with 1,000R. One prominent abnormal figure was that of mulicenter organization of microtubules. Some of several bright fluorescent spots were associated with a number of fluorescent fibers (Figs. 4-6 ). These fluorescent spots seem to represent active or inactive centrioles or related structures. Another conspicuous abnormal image was the partial absence of immunofluorescence in cells at anaphase (Figs. 3, 7) or telophase. Concurrent staining with Giemsa indicated that the lag of some chromosomes to approach the pole corresponded to the phenomena in the figures as in Fig. 8 . In some cells, at telophase stuck chromosomes made a thick bridge between the two daughter cells (Fig. 8) . This swollen intercellular bridge had immunofluorescence only at its edges (Fig. 9) .
With increasing time after irradiation with 1,000R, the fraction of mitotic cells with highly abnormal spindles increased. As indicated in Figs. 10-14, clumping of microtubules into sickle-type, ring or irregular masses took place. Giant round cells often showed the disunion of the mitotic spindle, or an irregular run of many spindle fibers (Fig. 12) . Giemsa staining of these rounded cells 48 h after irradiation showed that in a majority of cells, chromosomes were clumped or gathered forming droplets or micronuclei (Fig. 13) ; this suggests that these cells had been arrested for a long time at abnormal metaphase. Fragmented or round cells without spindle microtubules became prominent 72 h after irradiation (Fig. 14) . Staining with Giemsa solution revealed that the small sized cells were pyknotic (Fig. 15) .
Time-dependent appearance of abnormal cells at different mitotic stages after Xirradiation. Exponentially growing B16-C2W cells were irradiated with 1,000R and cultured further. Mitotic cells were collected from the cultures 24, 48 and 72 h after irradiation, and then labeled with anti-tubulin antibody. They were classified into different mitotic stages according to their fluorescent images, and the proportion of cells exhibiting abnormal spindles was determined for cells in each mitotic stage (Fig. 17) .
For a minor population of cells, it was difficult to determine the mitotic stages of these cells because of the abnormal images in immunofluorescence. Since prophase cells had week and diffuse fluorescence throughout the cytoplasm and occasional bright asters around poles, abnormality in microtubule organization was not detectable, if any. Cells in early prophase were not included in the preparation of mitotic cells, because only rounded cells were collected by gentle pipetting. The metaphase spindle was characterized well by bundles of bright fluorescent filaments extending from the chromosomes on the metaphase plate to the poles. Spherical cells with multicenter spindles or clumped fluorescent masses were defined as abnormal metaphase.
Anaphase was characterized by the movement of chromosomes to the poles and by elongation of the entire spindle. Since both chromosomal (kinetochore-to-pole) and interpolar (pole-to-pole) fibers were well-developed throughout the oval-shaped cell, partial absence of fluorescent fibers at the site of lagging chromosomes as well as two sets of daughter chromosomes were visible as an abnormal figure. Cells in telophase were characterized by increasing constriction of the cleavage furrow. The central zone of the highly fluorescent intercellular bridge, that corresponded to the midbody, remained unstained as reported in HeLa cells [3] . Formation of this unstained band was used as the boundary between anaphase and telophase.
As indicated in Fig. 16 , the frequency of each mitotic stage remained unchanged until 24 h after irradiation with 1000R. After longer incubation period, the frequency of anaphase and telophase decreased, while the fraction of prophase cells or fragmented cells increased. The frequency of abnormalities was 67.8 % in telophase, 57.7 % in anaphase, and 23.3 % in metaphase 24 h after irradiation. The abnormal figures of metaphase increased markedly during the subsequent incubation period until 72 h after irradiation. More than 80 % of the metaphase cells showed highly abnormal organization of their spindle fibers 72 h after irradiation. Normal mitoti c figures were extremely rare in the anaphase and the telophase as well. On the other hand, rounded cells without bright spindle fibers became prominent after 48 or 72 h of incubation. These cells that could not be identified either as being in metaphase, anaphase or telophase, were counted as being in prophase. Formation of mitotic spindles appeared to be inhibited in these cells although the cells rounded up. However, they may also have contained interphase cells which rounded up after the cell death. Fig. 17 shows the time course change in the frequency of abnormal figures in each mitotic phase after irradiation with 500R. The first appearance of abnormal images during anaphase and telophase 24 h after irradiation, and the subsequent increase in metaphase abnormalities after 48 h of exposure were essentially similar to the results obtained after irradiation with 1,000R. The difference due to the reduced radiation dose seems to have been that the abnormal frequencies of each mitotic stage did not increase during the incubation period between 48 to 72 h. Cells irradiated with 1,000R showed more complicated abnormalities at the later culture period. Rounded cells without mitotic spindle in the cells irradiated with 5000R was less than that with 1,000R.
Cell death after X-irradiation. The number of spread interphase cells and rounded (mitotic) cells were counted as a function of time after irradiation with 1,000R, and the viability of each cell fraction was determined by dye-exclusion method (Fig. 18) . The fraction of dead cells among spread cell population remained below 1 % until the 72nd hour of exposure. In contrast, the number of stained dead cells in the round Figs. 1-8 . Figs. 1 and 3-7 . Fluorescence of mitotic spindle of rounded B16-C2W cells stained with tubulin antibody. Non-irradiated cells (Fig. 1) , 24 h after X-irradiation with 1,000R (Figs.  3-7) . Prominent abnormal figures are cells with several bright fluorescent spots, with or without association of fluorescent fibers (Figs. 4-6) , and partial absence of immunofluorescence of cells at anaphase (Fig. 3, 7) . Distribution of chromosomes are shown by the Giemsa staining of non-irradiated cells (Fig. 2) , and cells at 24 h after exposure to 1,000R (Fig. 8) . Bar in Fig. 1 is 10µm . Figs. 9-15. Fluorescent images of rounded cells stained with tubulin antibody 24 h (Fig. 9 ), 48 h ( Fig. 10-12 ) and 72 h (Fig. 14) after irradiation with 1,000R. Arrows in Fig. 9 indicate the swollen intercellular bridge that has lagged chromosomes and fluorescence at its edges. Clumped microtubules into irregular masses (Figs. 10-12 and 14) , disunion or irregular run of spindle fibers in giant cells (Fig. 12) , fragmented cells (arrows in Fig. 14) and round cells without spindle fibers (Fig. 14) are prominent abnormal figures. Giemsa staining shows clumped or scattered chromosomes 48 h after irradiation (Fig. 13 ) and pyknotic cells 72 h after the exposure (Fig. 15) . cell population increased substantially with time. Some stained dead cells at 24 h or 48 h were guitar-shaped ; this indicates that these cells died at telophase. To test the possibility that cell death caused by X-irradiation is related with misdivision due to spindle abnormalities, we compared the time course-change in the fraction of rounded cells with abnormal mitotic spindles and the fraction of dead cells among rounded cells (Table 1) . As the spindle abnormalities on immunofluorescence, two items were used. One is visible abnormal spindles at metaphase, anaphase and telophase. Another is the sum of the visible abnormal spindles and abnormal round cells without spindles. The latter fraction was tentatively obtained by the subtraction of normal prophase (9 %) from total prophase. Coefficients of correlation were low for the exposure to 500R, and higher than 0.9 for 1,000R. The Chi-square test indicated that only after 1,000R, dead cells without dye-exclusion ability belonged to the same population with spindle abnormalities, if increased fractions of spindle ( -) cells over the fraction of normal prophase (9 %) were added to the visible abnormal spindles.
DISCUSSION
Abnormal spindle-formation after irradiation is not unexpected. In early studies of radiation-induced chromosome aberration, clumping of chromosomes at metaphase and their stickiness at anaphase were reported in plant germinal cells (6, 8, 2) . These were believed to be temporary physiological effects due to the indirect action of radiation. Moreover, time-lapse cinemicrography also indicated that multipolar and incomplete mitosis account for significant proportions of non-surviving clones (9, 4, 19, 10) .
In this study, the visualization of mitotic spindles aided by immunofluorescence has provided evidence with which to understand the mechanisms of misdivision. Twenty four hours after irradiation with 1,000R, 91 % of the rounded cells had mitotic spindles, and 36 % of them showed gross abnormalities. Because of dose-dependent mitotic delay, that was longest in cells irradiated at the G2-phase of the cell cycle, all the mitotic cells 24 h after exposure were in the first mitosis of irradiation on nonsynchronized populations. Several brightly fluorescent spots with or without association with spindle fibers, and partial absence of the fluorescence of microtubules at the site of lagging chromosomes, were prominent abnormalities at the first mitosis. Formation of several fluorescent spots along the periphery of the rounded cell may stem from two sources. 1) Centrioles had divided or replicated into several pieces, some of which were not active as the organization center of spindle microtubules. 2) Disassembly of microtubules before mitosis might have been incomplete and left aggregated tubulins as the fluorescent spots at the points of attachment to the cytoplasmic membrane. Simple tripolar or tetrapolar mitosis was observed in a percentage of non-irradiated cells. However, complicated configurations of the mitotic spindle with several fluorescent spots were absent in nonirradiated cultures.
In regard to lagging chromosomes at anaphase, fluorescent spindle fibers were apparent between the centrioles and these lagging chromosomes. The failure of the chromosomes to move poleward may be due to : 1) Sticking of daughter chromosomes by irradiation, 2) Defects in the attachment of spindle fibers to kinetochores or to the centrioles, associated with radiation damage to chromosomes or centrioles. 3) Formation of acentromeric chromosomes as a result of chromosome breakage. 4) Defects in the assembly and disassembly of the spindle microtubules that cause failure in the spindle force generation to move chromosomes (5) . Reduction in the degree of polymerization of microtubules in vitro has been reported (23). Highly abnormal figures of metaphase with clumped microtubules markedly increased between 24 and 48 h after irradiation. These cells probably cannot proceed into late mitotic stages, which may have resulted in extremely low frequency of anaphase and telophase.
As the radiation targets for misdivision, the centrioles, chromosomes, and cell membranes have been proposed (9) . Radiation effects on the microtubules, and on the many physiological factors that regulate disassembly and reassembly of the microtubules should also be considered. In our previous investigation, conformational changes in the cytoplasmic and nuclear membranes after irradiation correlated well with the loss of ability to form colonies (12, 13, 14) . We have also suggested that the influx of calcium ion is involved in the process of the membrane alteration after irradiation (15) . These results as well as the observations of the present study support the hypothesis that the regulatory systems of microtubule organization might be the targets of irradiation for misdivision.
In the present experiments, we chose a radiation dose of 1000R , because most cells divided at least once and underwent typical "mitotic death" during a small number of generations after exposure. The fraction of round cells with abnormal spindles statistically correlated with the fraction of dead cells detected by loss of dye-exclusion ability (Table 1 ). This result suggests that the mitotic cells with extensive spindle abnormalities die at the rounded state without the completion of that mitosis . After irradiation with 500R, however, the frequency of spindle abnormality was higher than the fraction of dead cells. If seems that a moderate spindle abnormality after the exposure to 500R did not necessarily result in immediate cell death . With increasing radiation doses up to 5,000R, the type of cell death without any mitosis became more frequent. The dose-and cell cycle-dependencies on the appearance of abnormal microtubule organization both in rounded and in spread interphase cells remains to be elucidated.
